Sequence comparison in computational molecular biology is a powerful tool for deriving evolutionary and functional relationships between genes. However, classical alignment algorithms handle only local mutations (i.e., insertions, deletions, and substitutions of nucleotides) and ignore global rearrangements (i.e., inversions and transpositions of long fragments). As a result, applications of sequence alignment in analyzing highly rearranged genomes (i.e., herpes viruses or plant mitochondrial DNA) are very limited and may lead to contradictions in molecular phylogeny studies since different genes give rise to different evolutionary trees. The paper addresses the problem of genome comparison versus classical gene comparison and presents algorithms to analyze rearrangements in genomes evolving by inversions. In the simplest form the problem corresponds to sorting by reversals, that is, sorting of an array using reversals of arbitrary fragments. We describe algorithms to analyze genomes evolving by inversions and discuss applications of these algorithms in molecular evolution.
Introduction
Sequence alignment is often the first step in molecular evolution studies. However, in many cases sequence alignment is very unreliable, thus making further evolutionary tree reconstruction almost impossible. For example, the similarity between many genes in herpes viruses is so low that it is frequently indistinguishable from the background noise (Griffin and Boursnell 1990; Albrecht et al. 1992 ). In particular, there is little or no cross-hybridization between DNAs of Epstein-Barr virus EBV and herpes simplex virus HSV-1, and until recently there was no unambiguous evidence that these herpes viruses actually had a common evolutionary origin ( McGeoch 1992) . As a result the classical methods of sequence comparison frequently lead to ambiguous conclusions for such highly diverged genomes, and alternative methods are sought (Karlin et al. 1994 ). Since it is often found that the order of genes is much more conserved than the DNA sequence (Franklin 1985) , an approach based on the comparison of gene orders ( Sankoff et al. 1990 Sankoff et al. , 1992 Sankoff, 1993) versus traditional comparison of DNA sequences seems to be a method of choice for many "hard-to-analyze" genomes.
Surprisingly enough, similar problems exist for such conserved genomes as plant mitochondrial DNA (mtDNA).
The point mutation rate in plant mtDNA is estimated to be 100 times slower than in animal mtDNA, and many genes are 99%-99.9% identical in related species (Palmer and Herbon 1988) . However, although there is little change in the DNA sequence of the plant mitochondrial genes from one species to another, there is rapid and extensive change in gene arrangements.
Studies of gene arrangements in plant organelles were pioneered by Palmer and coauthors who compared gene orders to analyze plant molecular evolution. Every such study involves solving a combinational "puzzle" to find a shortest series of genome rearrangement to transform one genome into another. Figure 1 presents the order of conserved blocks in Tobacco and Lobelia fervens chloroplast DNA (cpDNA) with a hypothetical sequence of rearrangement events (Knox et al. 1993) during the evolution of L. fervens from a tobacco-like ancestral genome. It is not so easy to derive the most parsimonious scenario of rearrangements in L. fervens cpDNA and even to verify that the evolutionary events shown in figure 1 represent the shortest series of inversions transforming the Tobacco gene order into the L. fervens gene order. In the cases of genomes consisting of small number of "conserved blocks" Palmer and coauthors were able to find the most parsimonous scenarios for rearrangements.
However, for genomes consisting of more than 10 blocks, an exhaustive search over all potential solutions is far beyond the possibilities of not only "pen-and-pencil" methods but modern supercomputers as well.
Analysis of genome rearrangements in molecular evolution and systematics was pioneered by Dobzhansky and Sturtevant ( 1938) , who published a milestone paper with an evolutionary tree presenting a rearrangement scenario with 17 inversions for the species Dwsophilu p.oc'zt~~ooh.vc~~~-u and D. mirandu. With the advent of largescale DNA mapping and sequencing, the number of biological problems similar to the one presented in figure  1 is rapidly growing in different areas, including evolution of plant cpDNA ( Raubeson and Jansen 1992; Hoot and Palmer 1994) and mtDNA (Palmer and Herbon 1988; Fauron and Havlik 1989) , animal mtDNA (Hoffman et al. 1992; Sankoff et al. 1992) , virology (Koonin and Dolya 1993; Hannenhalli et al. 1994) , Drosophikt genetics (Carson 1983; Whiting et al. 1989 ) , and comparative physical mapping ( Lyon 1988) . On f/rc~ otkr hund, lentil rcwntl~) ttwc r~xw no comp11tcr scicwc rcwlt.s ullm~ing u biologist to anal!3 gcnomc rc~urr.un~clcm('nt.s.
The goal of this paper is to fill this gap and to describe a computer program to analyze genome rearrangements. Genomes evolve by inversions and transpositions as well as more simple operations of deletion, insertion, and duplication of fragments. Inversions seem to be a very common rearrangement; in fact, some genomes (e.g., many plant mitochondrial DNA) are believed to rearrange almost solely by inversions (Palmer and Herbon 1988 ) and less frequently by duplications. A combinatorial problem of swrting hi* vcvcrsutls corresponding to genome rearrangements by inversions was introduced by Kececiouglu and Sankoff ( 1993) , who suggested the first "performance guarantee" algorithm to analyze genome rearrangements. The problem was further studied by Bafna and Pevzner ( 1993) , who improved the Kececiouglu and Sankoff algorithm and by Kececiouglu and Sankoff ( 1994) who analyzed the performance of sorting by reversals on simulated data.
Sorting by reversals corresponds to a simple but limited model in which inversions of arbitrary-length fragments are the only significant cause of evolutionary divergence. Despite some shortcomings, this model has been used by many biologists to analyze rearrangements in different mtDNAs and cpDNAs. In what follows, we give a formal definition of sorting by reversals and describe the ideas leading to our ( Bafna and Pevzner 1993) algorithm to compute r~wwu/ distuncc between genomes (i.e., the minimum number of inversions to transform one genome into another).
What makes it hard to transform one gene order into another? In the very first computational studies of genome rearrangements, Watterson et al. ( 1982) and Nadeau and Taylor ( 1984) introduced the notion of hrt'ukpoint (disruption of gene order) and noticed some correlations between the reversal distance and the number of breakpoints (in fact, Sturtevant and Dobzhansky [ 19361 implicitly discussed these correlations 60 years ago! > . t~o~~~v~~r, the mtirmtc~ c~f'rcvcxsul dis~unw in terms of brcukpoint.s is vcr:ll r-ollgh und dots not provide an ucwrutc bowzd. Our earlier result (Bafna and Pevzner 1993) is that there is another "hidden" parameter which estimates reversal distance with much greater accuracy. As this parameter was overlooked in previous studies of genome rearrangements and is a basis of our algorithm, we give the exact definitions. A computer program for sorting by reversals based on this parameter allows one to routinely find the most parsimonious rearrangements in genomes evolving by inversions and to analyze different scenarios of genome rearrangements. We present the results of computational experiments in which we analyze previously postulated scenarios of rearrangements in plant organelles and mammalian X chromosomes. Finally, we discuss the potential of the proposed methods for phylogenetic tree reconstruction in molecular evolution and suggest a few open problems.
Sorting by Reversals
In the problem we consider, the order of genes in two organisms is represented by permutations n = (x1x2 . . . to find a series of reversals p1 , p2, . . . , pl such that n;*p,*p, . . . pI = CF and t is minimum. We call t the reversal distance between n: and CJ. Without loss of generality we can assume that (T is the identity permutation t = (1,2, . . . . n) and in the following we consider a problem of transforming rt into t. Sorting n: by reversals is the problem of finding reversal distance d(n), between n: and t. As an example, figure 1, if considered from the bottom to the top, presents sorting of Lobelia fervens permutation n: = 71245368 by five reversals ~(6, 7), p(4,7), p( 5,7), p(2,7), p( 1,7). Note that the bottommost reversal p on the interval [ 6, 71 reverses blocks 6-7 inn; that is, p: (71245368) + (71245638).
Let i -jifi=j+ lori=j-l.Extendapermutation 7t = 7r17c2 . . . nTc, by adding 'no = 0 and x~+ 1 = n + 1. We call a pair of consecutive elements rti and xi+1 3 0 6 i < n, of n: an adjacency if ni -Ri+l, and a breakpoint if xi + 'Jti+l . Denote the number of adjacenties and breakpoints in n: as a(n) and b(z) correspondingly. Clearly a(z) + b(n) = n + 1. For example, L. fervens cpDNA corresponds to the permutation n; = 71245368. We let no = 0 and 7r9 = 9. Then (1,2), (4, 5), and (8, 9) are the three adjacencies, while the remainingpairs(O,7),(7, 1),(2,4),(5, 3),(3,6),and (6, 8) are breakpoints.
For the L. fervens permutation, a(' Tc) + b(n) = 3 + 6 = 9.
As the identity permutation t has no breakpoints, sorting by reversal corresponds to eliminating breakpoints. An observation that every reversal can eliminate at most two breakpoints immediately implies that
The above estimate is very rough and does not pro- Define an edge-colored graph G( 7~) with n + 2 vertices0, 1, . . . . n, n + 1. We join vertices i and j by a black edge if i and j occupy neighboring positions in K. We join vertices i and j by a gray edge if i -j. can be decomposed in at most two cycles). Cycle decompositions play an important role in estimating the reversal distance since as proved by Bafna and Pevzner ( 1993 ) the following inequality holds:
The bound (2) in terms of maximal cycle decomposition is much tighter than the bound ( 1) 71) is very small, implying that bound ( 1) is considerably weaker than bound (2). Based on the notion of "maximal cycle decomposition," we (Bafna and Pevzner 1993) developed a "performance guarantee" algorithm for sorting by reversals which constructed (provably) shortest evolutionary scenarios for all biological examples we studied (the algorithm is rather involved, and for the sake of simplicity its description is omitted).
Based on this algorithm we implemented a program ReversalSort which constructs scenarios of genome rearrangements (for both linear and circular DNA) and provides graphical output of these scenarios in different modes. It also computes the number of most parsimonious scenarios and generates all of them for further analysis. The program can be obtained by contacting the authors. Table 1 presents the results of our program on a series of experimental data by Palmer et al. Herbon 1987, 1988; Makaroff and Palmer 1988; Strauss et al. 1988; Milligan et al. 1989; Knox et al. 1993; Hoot and Palmer 1994) . For example, Palmer and Herbon ( 1988) postulated 11 rearrangements for the comparison Brassica nigra versus B. campestris, while our program produces a sequence of nine inversions which transform one sequence into the other. At the same time it also computes a lower bound of nine, thereby proving that our program found the most parsimonious sequence of reversals.
Rearrangements in Plant Organelles
Note that although our "performance guarantee" (i.e., ratio of suboptimal to optimal solution; Bafna and Pevzner 1993) algorithm is 1.5 in theory, table 1 shows an optimal performance of our algorithm (the upper and lower bounds match in each case). In contrast, the lower bound ( 1) is found to be very close to n / 2 in each case, which illustrates the advantage of bound (2) in predicting reversal distance. Note that a brute force algorithm to compute the reversal distance would find values of n larger than 10 computationally intractable. In particular, three predictions in table 1 are one or two steps longer than the corresponding optimal scenarios. Indeed, it is remarkable that Palmer and Herbon ( 1987) could find an optimal sequence of 10 inversions for B. hirta vs. B. campestris, where n = 12 (table 1) .
Studies of rearrangements
in plant organelles usually start from construction of physical maps and extensive cross-hybridization experiments.
Figure 3a schematically presents the physical maps of cabbage and turnip superimposed with the results of cross-hybridization experiments (Palmer and Herbon 1988) . The goal of further evolutionary analysis is to transform a static picture of great complexity ( fig. 3a) to a dynamic one of lower complexity ( fig. 3b ). Our software may therefore be used to serve a twofold purpose: to derive the most parsimonous evolutionary scenarios of rearrangements and to automatically transform static pictures of physical maps into various dynamic ones, thereby providing biologists with a useful tool for making evolutionary hypotheses. 
Evolutionary History of X Chromosome
Recent advances in large-scale comparative genetic mapping offer exciting prospects for understanding mammalian genome evolution. The large number of conserved segments in the maps of humans and mice suggests that multiple chromosomal rearrangements have occurred since the divergence of lineages leading to humans and mice. In their pioneering paper, Nadeau and Taylor ( 1984) estimated that just 178 & 39 rearrangements have occurred since this divergence. This estimate survived a IO-fold increase in the amount of the comparative human /mouse mapping information; the new estimate based on the latest data (Copeland et al. 1993 ) changed little compared to Nadeau and Taylor ( 1984) .
Chromosomal rearrangements include pericentric and paracentric inversions, intrachromosomal and interchromosomal transpositions, reciprocal and Robertsonian translocations, and so forth. A combinatorial analysis of all such rearrangements to derive a scenario of mammalian evolution is far beyond the possibilities of known computer science algorithms. Fortunately, extreme conservation of genes on X chromosomes across mammalian species provides an opportunity to study evolutionary history of X chromosome independently of the rest of the genomes, thus reducing the computational complexity of the problem. According to Ohno's law (Ohno 1967 ) gene content of X chromosomes is assumed to have remained the same throughout mammalian development in the last 125 million years. However, the order of genes on X chromosomes has been disrupted several times, even though synteny has been almost completely conserved. Our analysis of the latest data on comparative human/mouse mapping demonstrates that in order to explain the evolutionary history of X chromosomes, a larger than previously postulated (Davisson 1987; Lyon 1988 ) number of rearrangements are required. Brown et al. ( 1993) partition the X chromosomes of mice and humans into eight conserved linkage groups ("conserved blocks"). Denoting order of these blocks in mice as L = (+I, +2, +3, +4, +5, +6, +7, +8), the order of corresponding blocks in humans in reverse can be written as 'TI = (-4, -6, +1,7,2, -3, +5, +8) . For our purposes, it is convenient to reverse the order of human X chromosome from the "bottom" to the "top" as compared with the traditional representation ( fig. 4 ). The blocks with sign plus (minus) in human X chro-mosome are oriented the same (opposite) way as the corresponding blocks in mouse X chromosome. Kececioglu and Sankoff 1994) .
First, we consider the case when X chromosome evolves solely by inversions (both pericentric and paracentric).
Transpositions are believed to be considerably rarer than inversions since transpositions are necessarily the results of three breaks, while inversions require only two breaks (Therman and Susman 1993) . On the other hand, translocations represent a common event in chromosome evolution and cannot be ignored. However, the conserved gene content on the X chromosome implies that the only translocations which affected the gene order in the X chromosome were translocations between two copies of the X chromosome and thus might be ignored for our purposes. A recently found violation of the Ohno law by the Csfgmra gene (Disteche et al. 1992) does not affect this conclusion since this gene is located at the very end of the human X chromosome. Therefore, in the first approximation, we can assume that X chromosome evolved solely by inversions. In this case, six inversions are necessary and sufficient ( fig. 4b ). In the case that both inversions and transpositions are allowed, one can verify that four such operations are necessary and sufficient ( fig. 4~ ). It is not suggested that these rearrangements actually occurred in evolution; moreover, there exist 1,872 different scenarios for transformation of human into mouse X chromosome via six inversions. The intention is to show that on the basis of present knowledge six inversions are necessary and sufficient. Recent developments (O'Brien et al. 1993) in comparative mapping of the cow and cat (as well as pig, sheep, and dog) rule out some of these scenarios and raise a hope that the evolutionary history of the X chromosome will be unambiguously reconstructed.
Open Problems
Inversions represent only one of several possible forms of rearrangements.
Other common forms of rearrangements are transpositions, translocations, duplications, insertions, and deletions of genome fragments. Moreover, these macroscopic changes actually coexist with point mutations that include insertions, deletions, and substitutions of nucleotides. These problems provide a multitude of challenges, some much harder than other (Schiiniger and Waterman 1992 One approach to thi problem is to find reversal distances between all pairs o genomes and to construct an evolutionary tree based OI these distances by a distance-based method (Sankoff e al. 1992 
